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Quantum state transfer between cavities is crucial for quantum information processing and quan-
tum computation in optomechanical systems. Here, we present the first scheme for the transitionless
intra-cavity quantum state transfer based on transitionless quantum driving (TQD) algorithm in
optomechanical systems. We also present a physically feasible system for the TQD process based on
largely detuned optomechanical cavity. With the Gaussian time-dependence coupling strengths, our
scheme can achieve the perfect quantum state transfer with no undesired transition and reduce the
dependence of accurately controlling evolution time and interval of coupling strengths. Our com-
putational results show that the TQD process can be accomplished with no need of the mechanical
oscillator in its ground state and is also robust to the mechanical dissipation.
PACS numbers: 03.67.Lx, 03.67.Pp, 32.80.Qk, 37.90.+j
I. INTRODUCTION
Quantum state transfer is extremely important in
quantum information processing and quantum compu-
tation [1]. Near perfect quantum state transfer could
be realized via adiabatic process, such as rapid adia-
batic passage [2] and the stimulated Raman adiabatic
passage technique [3] for two-level and three-level quan-
tum systems, respectively. According to the adiabatic
theorem [4], if the state of a quantum system remains
non-degenerate and starts in one of the instantaneous
eigenstates, it will evolve along this initial state all the
time. This process requires the evolution slow enough
and it is described by a small parameter ε. Therefore
the transition amplitude is very small with the order
exp(−constant/ε) [5–9]. This transition will lead to a
certain probability of qubit error in quantum state en-
gineering. In order to achieve the same final state with
transitionless process, there are two potentially equiva-
lent approaches to achieve this goal, i.e., Lewis-Riesenfeld
invariant-based inverse engineering [10–12, 14, 26] and
transitionless quantum driving (TQD) [15–21].
In recent years, many theoretical schemes have been
proposed on transitionless process [22–36]. For exam-
ple, Chen and Muga [22] presented the fast population
transfer in three-level systems by invariant-based inverse
engineering in 2012. Iba´n˜ez et al. [23] proposed the
multiple Schro¨dinger dynamics (MSDs) method to de-
sign alternative and feasible experimental routes for op-
erations in shortcuts to adiabaticity. In 2013, Iba´n˜ez
et al. [25] presented a scheme to improve shortcuts to
adiabaticity by iterative interaction pictures. In 2014,
Mart´ınez-Garaot et al. [27] made a shortcut to adiabatic-
ity in three-level systems via Lie transforms. Giannelli
and Arimondo [29] presented a work which determines
the corrections to the STIRAP pulses required to pro-
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duce a super-adiabatic transfer in a three-level system.
Kiely and Ruschhaupt [30] put forward the population
transfer schemes in two- and three-level quantum sys-
tems with fast and stable control. In 2015, Santos and
Sarandy [31] proposed a general shortcut to controlled
adiabatic evolutions through simple time-independent
counter-diabatic assistant Hamiltonians. Liang et al. [32]
constructed shortcuts to the adiabatic passage for a mul-
tiqubit controlled-phase gate. In 2016, Song et al. [33, 35]
proposed the shortcuts to adiabatic holonomic quantum
computation with TQD algorithm and physically feasible
three-level transitionless quantum driving with MSDs.
Due to the simple calculation process and easy to imple-
ment in practice, some experimental achievements were
demonstrated based on TQD in different systems [37–40].
For instance, in 2012, Bason et al. [37] experimentally
implemented high-fidelity quantum driving protocols on
Bose-Einstein condensates in optical lattices. In 2013,
Zhang et al. [38] experimentally realized the assisted
quantum adiabatic passage in the electron spin of a sin-
gle nitrogen-vacancy center in diamond. Recently, Du et
al. [39] demonstrated the stimulated Raman shortcut-
to-adiabatic passage with cold atoms in experiment. An
et al. [40] experimentally implemented a shortcut to the
adiabatic transport of a trapped ion in phase space.
Optomechanical system is a newly-developing solid-
state system for studying quantum optics and quantum
information processing in last decade [41]. The typi-
cal setup for optomechanical systems is composed of a
mechanical resonator and an optical or microwave cav-
ity. Many fundamental researches have been studied in
optomechanical systems, such as the ground state cool-
ing for a mechanical resonator [42–46], the observation
of strong coupling effects [47], and optomechanically in-
duced transparency [48–51]. As a crucial step for quan-
tum information processing and quantum state engineer-
ing, quantum state transfer has attracted much atten-
tion in optomechanical systems. Optomechanical sys-
tems could make the quantum state transfer between
cavities with different wavelengths feasible [52–60] for the
2realizable coupling between diverse electromagnetic cavi-
ties and a mechanical resonator. In 2010, Tian and Wang
[52] proposed the scheme to realize optical wavelength
conversion of quantum states in the optomechanical sys-
tem. At the same year, Stannigel et al. [53] presented a
new optomechanical transducers for long-distance quan-
tum communication. In 2011, Fiore et al. [54] demon-
strated experimentally the storage of optical information
as a mechanical excitation in a silica optomechanical res-
onator. In 2012, Tian [56] proposed the adiabatic quan-
tum state transfer with high fidelity and pulse transmis-
sion scheme in optomechanical systems. Simultaneously,
Wang and Clerk [57] revisited the problem of using a
mechanical resonator to perform the intra-cavity trans-
fer of a quantum state by double swap, adiabatic and
itinerant state transfer protocol. The unique advantages
of double swap and adiabatic scheme are transitionless
and robust to the mechanical dissipation, respectively.
The quantum state transfer scheme which can combine
the advantages of those two processes is a very mean-
ingful task. Due to optomechanical system can be con-
structed easily to hybrid structure combined with an-
other system, such as superconducting circuit and spin
system. Therefore one can transfer intra-cavity state
between different wavelengths and make some applica-
tions, such as reversible optical-to-microwave quantum
interface [58] and microwave quantum illumination [60].
Therefore the quantum state transfer in optomechanical
system has big potential in quantum information process-
ing and quantum computation with unique advantage of
scalability.
In this article, we propose the first scheme to achieve
the transitionless intra-cavity quantum state transfer
based on TQD in optomechanical systems. Our scheme
holds the advantages in transitionless, the low depen-
dence of accurately controlling evolution time and being
robust to the mechanical dissipation. Our scheme maybe
has potential applications in quantum information pro-
cessing and quantum state engineering, such as reversible
frequency conversion, quantum logic gates, and quantum
state generation.
This paper is organized as follows: In Sec. II, we in-
troduce the adiabatic quantum state transfer process in
optomechanical systems. In Sec. III, we derive the effec-
tive M matrix based on TQD algorithm in Heisenberg
picture and analyze the result of quantum state transfer
in different processes. In Sec. IV, we introduce a new
physically feasible interaction to realize the TQD quan-
tum state transfer in optomechanical system. In Sec. V,
a discussion and a summary are given.
II. ADIABATIC INTRA-CAVITY STATE
TRANSFER IN OPTOMECHANICAL SYSTEMS
We consider an optomechanical system shown in
Fig. 1(a), which is composed of two cavity modes cou-
pled to each other via optomechanical forces. After the
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FIG. 1: (a) Schematic diagram for the optomechanical sys-
tem. (b) Schematic diagram for the coupling of adiabatic
(blue solid-line arrows) and effective coupling Hamiltonian
based on TQD algorithm (red dash-line arrow).
TABLE I: Eigenvalues and corresponding eigenmodes of the
matrix M(t).
Eigenvalues Eigenmodes
λ1 = 0 ψ1 = [−g2/g0, 0, g1/g0]T
λ2 = −g0 ψ2 = [g1/g0,−1, g2/g0]T /
√
2
λ3 = g0 ψ3 = [g1/g0, 1, g2/g0]
T /
√
2
standard linearization procedure, the Hamiltonian of the
system is given by (h¯ = 1) [44, 56, 57]
H= ωmb
†b+
∑
i=1,2
∆ia
†
iai + gi(a
†
i + ai)(b + b
†), (1)
where ai(a
†
i ) (i = 1, 2) and b(b
†) are the annihilation
(creation) operator for the i-th cavity mode and the me-
chanical mode, respectively. ωm is the mechanical fre-
quency. ∆i = ωdi − ωi and gi = g0i√ni are the laser
detuning and the effective linear coupling strength, re-
spectively. g0i and ni are the single-photon optomechan-
ical coupling rate and intracavity photon number induced
by the driving field, respectively. We consider that both
cavity modes are driven near their red sidebands. In the
interaction picture, the Hamiltonian becomes (under the
rotating-wave approximation) [56, 57, 59]
H =
∑
i=1,2
δia
†
iai + gi(a
†
i bm + b
†
mai), (2)
where δi = −∆i−ωm. Therefore the Heisenberg equation
of the system can be derived with
id~v(t)/dt =M(t)~v(t), (3)
where the vector operator ~v(t) = [a1(t), bm(t), a2(t)]
T ,
and the matrix M(t) is expressed as
M(t) =


δ1 g1(t) 0
g1(t) 0 g2(t)
0 g2(t) δ2

 . (4)
Under the condition that δi = 0, one can get the eigenval-
ues and eigenmodes of the matrixM(t), shown in TABLE
3I. The eigenvalue λ1 = 0 of the matrix M(t) with eigen-
mode ψ1 = [−g2, 0, g1]T /g0 is a mechanical dark mode
that only involves the cavity modes. The adiabatic intra-
cavity quantum state transfer scheme proposed by Tian
[56] is divided into three steps. Shown in Fig. 1(b), in
step 1, one first stores the quantum state in mode a1.
The two other modes are separable from mode a1 in ar-
bitrary single particle states. g1(0) = 0 and g2(0) start
with a large negative value. Therefore, the initial state is
α(0)1 = a1(0). Step 2, one adiabatically decreases g2(t)
to zero at the end of the process. g1(t) is adiabatically
increased from zero to a large positive value. The time of
this adiabatical process must satisfy the condition that
T ≫ 1/g0. Step 3, due to the whole process is preserved
in the mechanical dark mode, one gets the state with
α(T )1 = a2(T ). According to the Heisenberg equation,
a2(T ) = a1(0). The result indicates that the initial mode
a1 has been transferred to mode a2 successfully. If one
photon in cavity 1, one can transfer it to cavity 2 via an
adiabatic process.
Here we choose the Gaussian time-dependence cou-
pling strengths whih are expressed by
g1(t) = 3 ∗ exp[−(t− 2.4 + τ)2],
g2(t) = −3 ∗ exp[−(t− 2.4)2], (5)
where the coefficients τ represents the deviation of the
time interval between two coupling strengths. As the
model could be applied to a wide range of systems, we
choose the arbitrary units for the parameters. We fix
the coupling strength g2 all the time and adjust the time
interval by changing τ in g1. According to our computa-
tional result, the time interval designed with τ = −0.95
satisfy the adiabatic condition very well, and one can get
a perfect intra-cavity quantum state transfer. We per-
form the population with respect to time based on adi-
abatic process in Fig. 2. The initial state is |100〉 which
indicates that there are just one photon in cavity 1, and
no photons in cavity 2, and the mechanical oscillator in
the ground state.
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FIG. 2: Perfect adiabatic quantum state transfer with Gaus-
sian coupling. (a) Diagram for the two Gaussian couplings.
(b) The population transfer in the adiabatic process.
III. INTRA-CAVITY STATE TRANSFER
BASED ON TQD ALGORITHM
For universality, firstly we consider a quantum system
with an arbitrary time-dependent Hamiltonian Hˆ0(t).
The dynamical process described by the Schro¨dinger
equation is given by
Hˆ0(t)|n(t)〉 = En(t)|n(t)〉, (6)
where |n(t)〉 and En(t) are the instantaneous eigenstate
and the eigenenergies of Hˆ0(t), respectively. According to
the adiabatic approximation [4], the dynamical evolution
of states driven by Hˆ0(t) could be expressed with
|ψn(t)〉=exp{−i
∫ t
0
dt′En(t
′)−
∫ t
0
dt′〈n(t′)|n˙(t′)〉}|n(t)〉.
(7)
Now, we seek a new Hamiltonian Hˆ(t) based on the
reverse engineering approach to satisfy the Schro¨dinger
equation
i|ψ˙n(t)〉 = Hˆ(t)|ψn(t)〉. (8)
Any time-dependent unitary operator Uˆ(t) is also given
by
i
˙ˆ
U(t) = Hˆ(t)Uˆ(t), (9)
and
Hˆ(t) = i
˙ˆ
U(t)Uˆ †(t). (10)
In order to guarantee no transition between the eigen-
states of Hˆ0(t) for all time, one should assure that any
time-dependent unitary operator Uˆ(t) has the form
Uˆ(t) =
∑
n
exp{−i
∫ t
0
dt′En(t
′)−
∫ t
0
dt′〈n(t′)|n˙(t′)〉}
×|n(t)〉〈n(0)|. (11)
According to Eq. (10), the new Hamiltonian is given by
Hˆ(t) =
∑
n
|n〉En〈n|+ i
∑
n
(|n˙〉〈n| − 〈n|n˙〉|n〉〈n|). (12)
One can find infinitely many Hamiltonian Hˆ(t) which
differ from each other only by phases. We disregard the
phase factors [26, 34] and give the simplest Hamiltonian
is derived with [18]
Hˆ(t) = i
∑
n
|n˙〉〈n|. (13)
According to the process introduced before, we calcu-
late the matrix M(t) driving the evolution of cavity and
4mechanical modes in Heisenberg picture. Analogy to Eq.
(9), we can get the time-dependent unitary operator with
iU˙(t) =M(t)U(t). (14)
One can solve the M(t) matrix via the equation given by
M(t) = i[
∂
∂t
U(t)]U †(t) = i
∑
n
|∂n(t)
∂t
〉〈n(t)|, (15)
where U(t) =
∑ |n(t)〉〈n(0)|. Substitute the all eigen-
modes into Eq. (15), one can get a new matrix M(t)
given by
M(t)= i
3∑
n=1
ψ˙nψ
†
n= i


0 0 −G
0 0 0
G 0 0

 , (16)
where G = (g1g˙2 − g˙1g2)/g20 . The result of the matrix
M(t) indicates that there should be a direct transition
between cavities 1 and 2, as shown in Fig. 1(b) (the red
dash-line transition).
IV. EFFECTIVE MATRIX M BASED ON
INTERACTION IN A LARGELY DETUNED
OPTOMECHANICAL CAVITY
We present a physically feasible scheme based on
largely detuned interaction to realize the transitionless
quantum state transfer in same optomechanical system.
The new interaction mechanism protects the photon-
photon interactions from mechanical dissipations [59]. In
order to distinguish with the coupling strength of adia-
batic process, we rewrite the Hamiltonian with different
letters in the interaction picture as
H =
∑
i=1,2
δ′ia
†
iai +Gi(a
†
i bm + b
†
mai). (17)
With the condition δ′i ≫ Gi, the large energy offsets sup-
press the transitions between the optical system and the
mechanical oscillator [59]. Hence, one can adiabatically
eliminate the mechanical mode b in Eq. (17) and obtain
the effective beam-splitter-like Hamiltonian
H =
∑
i=1,2
(δ′i +Ωi)a
†
iai +Ω(a
†
1
a2 + a
†
2
a1), (18)
where Ωi = G
2
i /δi and Ω = G1G2(δ
−1
1
+ δ−1
2
)/2. We set
δ′
1
+Ω1 = δ
′
2
+Ω2 and δ
′ = δ′
1
= δ′
2
. In the new interaction
picture under the Hamiltonian H0 =
∑
i=1,2(δ
′
i+Ωi)a
†
iai,
one can derive the matrixM(t) in the Heisenberg picture
with
M ′(t)=


0 0 G1G2
δ′
0 0 0
G1G2
δ′
0 0

 . (19)
The effective matrix M ′(t) shown in Eq. (19) is equiv-
alent to the M shown in Eq. (16) derived by the TQD
algorithm, when
G1G2
δ′
= G =
g1g˙2 − g˙1g2
g2
0
. (20)
Hence, we can design the coupling strength Gi according
to Eq. (20) and choose the Gaussian coupling functions
in adiabatic process. Therefore, G1G2 = δ
′G′.
The effective coupling strengthG is not a typical Gaus-
sian function. In order to simplify the operation in exper-
iment, we choose a new Gaussian coupling strength G′ to
replace G. The form of G′ = −τ ∗ exp(−α(t− 2.4+ τ
2
)2)
could be speculated reasonably via incomplete induction
shown in Fig. 3. We choose three kinds of time interval
τ1 = −0.5, τ2 = −0.95, and τ3 = −1.5 in Fig. 3 (a),
(b), and (c), respectively. One can find that all the fig-
ures satisfy the relationships −τ = xg2 − xg1 = yG and
xG(ymax) = 2.4 − τ2 . Therefore we speculate that the
expression of G′ = −τ ∗ exp(−α(t − 2.4 + τ
2
)2), where α
is used to fit G. We choose τ2 = −0.95 and α = 1.1 and
plot the curves of G and G′ in Fig. 3 (d).
FIG. 3: Simulation of new Gaussian coupling strength for
TQD quantum state transfer. (a) τ1 = −0.5. (b) τ2 = −0.95.
(c) τ3 = −1.5. (d) Coupling strength curves for G and G′.
The parameters are set with τ2 = −0.95 and α = 1.1.
The other parameters should be chosen to satisfy the
large detuning condition δ′ ≫ Gi and δ′1 +Ω1 = δ′2 +Ω2.
Therefore, we set δ′ = 60. For convenience, we choose
G1 = G2 =
√
δ′G′ ≈ 7.55∗exp[−0.55(t−2.875)2]. There-
fore δ′/Gi−max ≈ 8. With the parameters given before,
we plot the evolution of photon and phonon in Fig. 4(a)
by using Hamiltonian in Eq. (17). We find that the Fock
state of cavity 1 is transferred perfectly to cavity 2 via the
TQD process. The result indicates that the perfect quan-
tum state transfer could be accomplished with the new
5Gaussian coupling G′. The phonon number is suppressed
in the whole process and the maximum value is smaller
than 0.02 due to the large detuning interaction. Under
the large detuning, the population of phonon cannot ex-
ist steadily. So after the state of cavity 1 is transferred to
phonon, it will be transferred to cavity 2 rapidly. From
Fig. 4(b), one can find the maximal average phonon num-
ber is inversely proportional to the proportion between
detuning and the maximal coupling strength. This rela-
tionship indicates the reasonability of Eq. (18) by adia-
batic elimination.
???
????? ???
? ?
???
FIG. 4: (a) Simulation of the transitionless quantum state
transfer in largely detuned optomechanical system. The pop-
ulation of phonon is amplified insert. (b) Variation of the
maximal average phonon number with detuning. The small
figure is variation of the maximal average phonon number rel-
ative to proportion between detuning and the maximal cou-
pling strength.
V. DISCUSSION AND SUMMARY
It is hard to accurately control the time interval be-
tween two coupling strengths in the actual experiment.
Therefore we consider the influence caused by a small
deviation of time interval in Fig. 5. The G1 and G2 are
designed with no time interval before. We tune the time
interval with △t = ±0.46 in Fig. 5 (a) and (c), respec-
tively. The Fig. 5 (b) and (d) are corresponding popula-
tion evolution. The population of cavity 2 reaches 99%
when it keeps stabilize. Fig. 5 indicates that with a small
deviation of the time interval, the quantum state transfer
also can be accomplished very well. Our scheme is not
very sensitive to the deviation of time interval.
When the dissipation of the mechanical oscillator and
the decay of the cavity is taken into consideration. The
dynamics of the quantum system described by the Lind-
blad form master equation is expressed by
dρ
dt
= i[ρ,H(t)]+κ1L[a1]ρ+κ2L[a2]ρ+γmD[bm]ρ, (21)
where ρ and H(t) are the density matrix and the Hamil-
tonian of the optomechanical system, respectively. κ1
and κ2 represent the decay rates of cavity 1 and 2, re-
spectively. γm is the mechanical damping rate. L[A]ρ =
(2AρA†−A†Aρ− ρA†A)/2. D[A]ρ = (nth+1)(2AρA†−
FIG. 5: The influence on quantum state transfer caused by
time interval of two coupling strength. (a) G1 begins earlier
than G2 with△t = 0.46. (b) The corresponding transitionless
quantum state with time interval △t = 0.46. (c) G2 begins
earlier than G1 with △t = −0.46. (d) The corresponding
transitionless quantum state transfer with time interval △t =
−0.46.
A†Aρ−ρA†A)/2+nth(2A†ρA−AA†ρ−ρAA†)/2, where
nth is the thermal phonon number of the environment.
We choose κ1 = κ1 = 0.015, γm = 5 × 10−4, and
nth = 100. The final state of the mechanical oscillator do
not effect the result which we desire, so we calculate the
fidelity with formula F = 〈01|trm[ρ(t)]|01〉. Here, |01〉
represents the state which there are zero and one photon
in cavity 1 and 2, respectively. trm[ρ(t)] is the reduced
density matrix by tracing the mechanical oscillator de-
gree of freedom. The fidelity is plotted in Fig. 6(a).
The maximal fidelity is 93%. We plot the fidelity in-
fluenced by the initial phonon number state and nth in
Fig. 6(b). We change the initial phonon number and nth
from |0〉 ∼ |3〉 and 0 ∼ 400, respectively. The maximal
fidelity in TQD process just reduces 0.025 (from 0.935 to
0.910). This result indicates that the TQD process can
be accomplished with no need the mechanical oscillator
in its ground state and it is also robust to the mechanical
dissipation.
In the adiabatic quantum state transfer scheme [56,
57], the process based on dark mode which decoupled
to mechanical mode is robust to the mechanical dissipa-
tion. The advantage of non-adiabatic double swap pro-
tocol [57] is transitionless in the evolution process. In
order to achieve a perfect state result, usually one needs
accurately control the terminate time of coupling. In our
scheme, it holds both the advantages in the adiabatic
and the double swap schemes, and it is not need the high
dependence of accurately controlling the terminate time
and interval. Robustness to mechanical dissipation de-
rives from the largely detuned interaction mechanism.
In summary, we have proposed a scheme to realize
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FIG. 6: (a) Fidelity of TQD process in present of dissipa-
tion in optomechanical system. nth = 100. (b) The maximal
fidelity change with initial phonon number and nth. Param-
eters are set with κ1 = κ1 = 0.015, γm = 5× 10−4.
the transitionless quantum state transfer based on the
TQD algorithm in optomechanical systems. Also, we
have given a physically feasible system with largely de-
tuned interaction. Our scheme can achieve the perfect
quantum state transfer with transitionless, the not high
dependence of accurately controlling evolution time and
sensitiveness to interval between coupling strength, and
the robustness to the mechanical dissipation.
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